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Abstract
The processes e+e− → (f1(1285), a1(1260))γ in threshold domain are considered in the framework of the
extended Nambu–Jona-Lasinio model. The channels with the ground ρ(770), ω(782) and radially excited ρ(1450),
ω(1420) intermediate meson states are taken into account. It is shown that in the process e+e− → f1(1285)γ, the
probability of the subprocesses with ρ-mesons significantly exceeds the probability of the subprocesses with ω-
mesons, whereas, in the process e+e− → a1(1260)γ, ρ- and ω-channels give approximately equal contributions.
The mechanism of this effect is discussed. The radiative decay widths of ρ(1450) → f1(1285)γ, ω(1420) →
f1(1285)γ, ρ(1450)→a1(1260)γ and ω(1420)→a1(1260)γ are calculated.
1 Introduction
At present time, there are many both theoretical and experimental works devoted to an
investigation of the production of pseudoscalar mesons with the photon in colliding e+e−-beams
at low energies. As a rule, these processes can be described by the anomalous quark-loop vertices
preceded by the single virtual photon or the hadron resonance state. At the energies below 2 GeV
it can be the qq¯ resonance belonging to the ground 3S1 vector-meson nonet, or its exited states.
Because of inapplicability of the perturbative QCD at low energies it has become customary to
describe the effects of resonance states within a phenomenological chiral Lagrangian framework.
One of the most efficient models of this type is the Nambu–Jona-Lasinio (NJL) model [1, 2, 3, 4,
5, 6, 7, 8]. The other alternative is the chiral perturbation theory [9, 10, 11, 12, 13].
Among the above mentioned well known processes of e+e−-annihilation into pseudoscalar
meson and photon one can point out the following ones e+e− → (pi0, pi(1300))γ [14, 15, 16, 17],
e+e− → (η, η′(958), η(1295), η(1475))γ [18, 19]. Unfortunately, by the present time, the modes
involving the axial-vector mesons have not been investigated well enough. To fill this gap, we study
here the e+e−-production of the pairs f1(1285)γ and a1(1260)γ by using the extended Namby–Jona-
Lasinio model [20, 21, 22, 23]. These processes proceed through the anomalous quark loops. Such
vertices have been considered recently in [24]. We obtain here, additionally, the radiative decay
widths of exited ρ- and ω-like vector mesons (ρ(1450), ω(1420))→ (f1(1285), a1(1260))γ.
2 The Lagrangian of the extended NJL model
Let us consider the extended NJL model described by the effective quark-meson Lagrangian
[23]. For our purpose we only need the following part of it
∆Lint =
1
2
q¯
[
γµγ5τ0
(
Af1f1µ +Bf1f
′
1µ
)
+ γµγ5τ3
(
Aa1a1µ +Ba1a
′
1µ
)
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+γµτ3
(
Aρρµ +Bρρ
′
µ
)
+ γµτ0
(
Aωωµ +Bωω
′
µ
)]
q. (1)
Here q is the constituent quark field. Its SU(2) flavor components are u- and d- constituent quarks
with masses mu = md = 280 MeV [3]; f1, a1, ρ and ω are the axial-vector and vector mesons; the
corresponding excited states are marked with prime,
AM =
1
sin(2θ0M)
[
gM sin(θM + θ
0
M) + g
′
Mf(
~k2) sin(θM − θ0M)
]
,
BM =
−1
sin(2θ0M)
[
gM cos(θM + θ
0
M) + g
′
Mf(
~k2) cos(θM − θ0M)
]
, (2)
f
(
~k2
)
= 1+d~k2 is the form factor describing the first radially excited states [20, 21]; d is the slope
parameter; θM and θ
0
M are the mixing angles of mesons in the ground and excited state [23],
θρ = θω = θf1 = θa1 = 81.8
◦
θ0ρ = θ
0
ω = θ
0
f1
= θ0a1 = 61.5
◦
d = −1.784GeV−2. (3)
The U(2) matrices τ3 and τ0 are given by
τ3 =
(
1 0
0 −1
)
, τ0 =
(
1 0
0 1
)
. (4)
The coupling constants are
gρ = gω = gf1 = ga1 =
(
2
3
I2
)−1/2
≈ 6.14,
g
′
ρ = g
′
ω = g
′
f1
= g
′
a1
=
(
2
3
If
2
2
)−1/2
≈ 9.87, (5)
If
n
2 = −i
Nc
(2pi)4
∫ fn(~k2)
(m2 − k2)2 θ(Λ
2
3 − ~k2)d4k, (6)
where Λ3 = 1.03 GeV [23] is the cut off parameter.
3 The radiative decays (ρ(1450), ω(1420))→ (f1(1285), a1(1260))γ
By using the expressions for the appropriate vertices obtained in [24] one can calculate the
width of the radiative decay ρ(1450)→ f1(1285)γ. The corresponding Feynman diagram is shown
in Fig. 1. The amplitude is
M = e
2
eµ(pf1)eν(pρ)eλ(pγ)I
µνλ
(f1ρ′), (7)
where e is the elementary charge, αem = e
2/(4pi) = 1/137; eµ(p) is the polarisation vector of the
spin-1 particle with 4-momentum p, Iµνλ(f1ρ′) is the integral which comes from the quark triangle
calculations
Iµνλ(f1ρ′) =
4
3
{
−eµνλpγ
[
2p2ρ − (pρ, pγ)
]
+ eµνλpρ (pρ, pγ)− eµνpγpρpλρ − eλµpρpγpνγ
}
×
{
−I(f1ρ′)3 + 2m2I(f1ρ
′)
4 −m4I(f1ρ
′)
5
}
, (8)
2
Figure 1: The decay ρ(1450)→ f1(1285)γ.
where pρ and pγ are the momenta of the ρ-meson and the photon, the scalar parts are given by
I(f1ρ
′)
n = −i
Nc
(2pi)4
∫ Af1Bρ
(m2 − k2)n θ(Λ
2
3 − ~k2)d4k, (9)
where af1 and bρ are the couplings of the Lagrangian density (1).
The decay width of the process takes the form
Γ =
αem
54
(M2ρ′ +M
2
f1
)(M2ρ′ −M2f1)3
Mρ′M2f1
[
−I(f1ρ′)3 + 2m2I(f1ρ
′)
4 −m4I(f1ρ
′)
5
]2
. (10)
Similarly, one can obtain the decay widths of the processes ω(1420)→ f1(1285)γ, ρ(1450)→
a1(1260)γ and ω(1420)→ a1(1260)γ. The results are given in the Table 1.
Table 1: The decay widths of the processes (ρ(1450), ω(1420))→ (f1(1285), a1(1260))γ.
f1(1285)γ a1(1260)γ
ρ(1450)→ 1.43 keV 0.33 keV
ω(1420)→ 0.07 keV 1.63 keV
4 The processes e+e− → (f1(1285), a1(1260))γ
The diagrams of the processes e+e− → (f1(1285), a1(1260))γ are shown in Figs. 2 and 3.
The corresponding amplitudes are
M(e+e− → f1(1285)γ) = e
3
s
lν
{
5
9
Iµνλ(f1) +
Cρ
2gρ
s
M2ρ − s− i
√
sΓρ
Iµνλ(f1ρ) +
Cρ′
2gρ
s
M2ρ′ − s− i
√
sΓρ′
Iµνλ(f1ρ′)
+
Cω
18gω
s
M2ω − s− i
√
sΓω
Iµνλ(f1ω) +
Cω′
18gω
s
M2ω′ − s− i
√
sΓω′
Iµνλ(f1ω′)
}
e(pf1)µe(pγ)λ,
M(e+e− → a1(1260)γ) = e
3
s
lν
{
1
3
Iµνλ(a1) +
Cρ
6gρ
s
M2ρ − s− i
√
sΓρ
Iµνλ(a1ρ) +
Cρ′
6gρ
s
M2ρ′ − s− i
√
sΓρ′
Iµνλ(a1ρ′)
+
Cω
6gω
s
M2ω − s− i
√
sΓω
Iµνλ(a1ω) +
Cω′
6gω
s
M2ω′ − s− i
√
sΓω′
Iµνλ(a1ω′)
}
e(pa1)µe(pγ)λ, (11)
3
Figure 2: The Feynman “contact” diagrams for the reactions e+e− → (f1(1285), a1(1260))γ with the intermediate
photon.
Figure 3: The Feynman diagrams with the intermediate vector mesons ρ(770), ρ(1450), ω(782) and ω(1420) con-
tributing to the amplitudes of the reactions e+e− → (f1(1285), a1(1260))γ.
where lµ = e¯γµe is the lepton current, Mρ = 775 MeV, Mρ′ = 1465 MeV, Mω = 783 MeV,
Mω′ = 1425 MeV, Γρ = 148 MeV, Γρ′ = 400 MeV, Γω = 8 MeV, Γω′ = 215 MeV are the masses
and the full widths of the intermediate vector mesons [25],
Cρ = Cω =
1
sin
(
2θ0ρ
) [sin (θρ + θ0ρ)+RV sin (θρ − θ0ρ)] ,
Cρ′ = Cω′ =
−1
sin
(
2θ0ρ
) [cos (θρ + θ0ρ)+RV cos (θρ − θ0ρ)] ,
RV =
If2√
I2I
f2
2
. (12)
In (11), the first terms correspond to the contact diagrams, the other four terms describe
the contributions of the intermediate ρ(770), ρ(1450), ω(782) and ω(1420) mesons. It is useful to
divide these amplitudes on the ρ- and ω-channels by combining of the appropriate parts of the
contact diagram with the other contributions:
M(e+e− → f1(1285)γ) = e
3
s
lν
{
Mµνλf1ρ +M
µνλ
f1ω
}
e(pf1)µe(pγ)λ,
M(e+e− → a1(1260)γ) = e
3
s
lν
{
Mµνλa1ρ +M
µνλ
a1ω
}
e(pa1)µe(pγ)λ, (13)
4
where
Mµνλf1ρ =
1
2
{
Iµνλ(f1) +
Cρ
gρ
s
M2ρ − s− i
√
sΓρ
Iµνλ(f1ρ) +
Cρ′
gρ
s
M2ρ′ − s− i
√
sΓρ′
Iµνλ(f1ρ′)
}
,
Mµνλf1ω =
1
18
{
Iµνλ(f1) +
Cω
gω
s
M2ω − s− i
√
sΓω
Iµνλ(f1ω) +
Cω′
gω
s
M2ω′ − s− i
√
sΓω′
Iµνλ(f1ω′)
}
,
Mµνλa1ρ =
1
6
{
Iµνλ(a1) +
Cρ
gρ
s
M2ρ − s− i
√
sΓρ
Iµνλ(a1ρ) +
Cρ′
gρ
s
M2ρ′ − s− i
√
sΓρ′
Iµνλ(a1ρ′)
}
,
Mµνλa1ω =
1
6
{
Iµνλ(a1) +
Cω
gω
s
M2ω − s− i
√
sΓω
Iµνλ(a1ω) +
Cω′
gω
s
M2ω′ − s− i
√
sΓω′
Iµνλ(a1ω′)
}
. (14)
By using these amplitudes one can obtain the cross sections of the considered processes:
σ(e+e− → f1(1285)γ) = 32
27
pi2α3em
(s−M2f1)3(s+M2f1)
s2M2f1
|Sf1ρ + Sf1ω|2,
σ(e+e− → a1(1260)γ) = 32
27
pi2α3em
(s−M2a1)3(s+M2a1)
s2M2a1
|Sa1ρ + Sa1ω|2, (15)
where Sf1ρ, Sf1ω, Sa1ρ and Sa1ω are the scalar parts of the appropriate amplitudes:
Sf1ρ =
1
2
{[
−I(f1)3 + 2m2I(f1)4 −m4I(f1)5
]
+
Cρ
gρ
s
M2ρ − s− i
√
sΓρ
[
−I(f1ρ)3 + 2m2I(f1ρ)4 −m4I(f1ρ)5
]
+
Cρ′
gρ
s
M2ρ′ − s− i
√
sΓρ′
[
−I(f1ρ′)3 + 2m2I(f1ρ
′)
4 −m4I(f1ρ
′)
5
]}
,
Sf1ω =
1
18
{[
−I(f1)3 + 2m2I(f1)4 −m4I(f1)5
]
+
Cω
gω
s
M2ω − s− i
√
sΓω
[
−I(f1ω)3 + 2m2I(f1ω)4 −m4I(f1ω)5
]
+
Cω′
gω
s
M2ω′ − s− i
√
sΓω′
[
−I(f1ω′)3 + 2m2I(f1ω
′)
4 −m4I(f1ω
′)
5
]}
,
Sa1ρ =
1
6
{[
−I(a1)3 + 2m2I(a1)4 −m4I(a1)5
]
+
Cρ
gρ
s
M2ρ − s− i
√
sΓρ
[
−I(a1ρ)3 + 2m2I(a1ρ)4 −m4I(a1ρ)5
]
+
Cρ′
gρ
s
M2ρ′ − s− i
√
sΓρ′
[
−I(a1ρ′)3 + 2m2I(a1ρ
′)
4 −m4I(a1ρ
′)
5
]}
,
Sa1ω =
1
6
{[
−I(a1)3 + 2m2I(a1)4 −m4I(a1)5
]
+
Cω
gω
s
M2ω − s− i
√
sΓω
[
−I(a1ω)3 + 2m2I(a1ω)4 −m4I(a1ω)5
]
+
Cω′
gω
s
M2ω′ − s− i
√
sΓω′
[
−I(a1ω′)3 + 2m2I(a1ω
′)
4 −m4I(a1ω
′)
5
]}
. (16)
The values of the cross sections for the processes e+e− → (f1(1285), a1(1260))γ for some
values of
√
s are pointed in the Table 2.
The dependencies of the cross section on the energy of colliding leptons,
√
s, for the processes
e+e− → (f1(1285), a1(1260))γ are shown in Figs. 4 and 5. The dashed lines correspond to the
ρ-channel, the thin lines correspond to the ω-channel. The thick lines show the total contribution.
In Fig. 4, the ω-channel is two orders lower and almost not seen.
Our calculations show that the contributions from the subprocesses with ρ- and ω-mesons to
the process e+e− → a1(1260)γ are of the same order. Whereas, in the process e+e− → f1(1285)γ,
5
Table 2: The values of the cross sections for the processes e+e−→(f1(1285), a1(1260))γ.
√
s, MeV 1350 1450 1550
σ(e+e−→f1(1285)γ), pb 0.068 0.5 0.901
σ(e+e−→a1(1260)γ), pb 0.15 0.398 0.474
1350 1400 1450 1500 1550 1600 s HMeVL
0.2
0.4
0.6
0.8
1.0
ΣHpbL
Figure 4: The cross section of the process e+e− → f1(1285)γ. The thick line corresponds to the total cross section,
the dashed line corresponds to the ρ-channel (diagram with intermediate ρ-mesons + appropriate part of the contact
diagram), the thin line corresponds to the ω-channel (diagram with intermediate ω-mesons + appropriate part of
the contact diagram).
the contribution from the subprocess with ρ-mesons significantly exceeds the contribution of ω-
mesons. This behaviour may be explained as follows. If we proceed from Vector Dominance
Model, the photon in the final state may be considered as produced from the vector meson. In
the process e+e− → a1(1260)γ, the productions of a1(1260)γ from ρ- and ω- intermediate mesons
are described by the same vertex a01ρ
0ω where ρ- or ω-mesons turn into the photon. In the process
e+e− → f1(1285)γ, we have two different vertices which describe transition of the intermediate
vector meson into f1(1285)γ. Indeed, in the case of ρ-channel, the vertex f1ρ
0ρ0 is used where one
of ρ-mesons turn into the final photon. In the case of ω-channel, the process contains the vertex
f1ωω where one of ω-mesons goes into the final photon. Each ω → γ transition contains the factor
1/3 [3]. We can see that in the process e+e− → f1(1285)γ, in the ω-channel, this factor appears
twice: in the vertex γ → ω and in the vertex ω → f1γ. As a result, in the ω-channel, the factor 1/9
appears in comparison with the ρ-channel. On the other hand, in the process e+e− → a1(1260)γ,
the factor 1/3 appears only once: in the vertex γ → ω or in the vertex ρ→ f1γ. Therefore, these
channels make the same contributions.
5 Discussion and Conclusion
Due to absences the appropriate experimental data on the reactions discussed, it would
be interesting to check our theoretical predictions in the future experiments on the modern ac-
celerators such as VEPP-2000 (Novosibirsk), BEPC-II (Beijing), Belle (KEK, Japan), etc. Such
experiments could shed light on the anomalous nature of the hadronic interactions studied in this
paper. Unfortunately, the description presented here is valid only in a very restricted range of
energies and, thus, should be corrected at energies
√
s ≥ 1.5 GeV, where the new excited states
ρ(1570), ω(1650) must be included. We also did not take into account the mixing effects of the
f1(1285), f1(1420) and f1(1510) mesons [26]. The latter could not exert a strong influence on the
results. Nevertheless, it would be interesting to take this mixing into account as soon as the first
experimental data will be obtained.
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1300 1350 1400 1450 1500 1550 1600 s HMeVL
0.1
0.2
0.3
0.4
0.5
ΣHpbL
Figure 5: The cross section of the process e+e− → a1(1260)γ. The thick line corresponds to the total cross section,
the dashed line corresponds to the ρ-channel (diagram with intermediate ρ-mesons + appropriate part of the contact
diagram), the thin line corresponds to the ω-channel (diagram with intermediate ω-mesons + appropriate part of
the contact diagram).
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